Abstract | Traumatic brain injury (TBI) is the leading cause of death in young adults and children. The treatment of TBI in the acute phase has improved substantially; however, the prevention and management of long-term complications remain a challenge. Blood-brain barrier (BBB) breakdown has often been documented in patients with TBI, but the role of such vascular pathology in neurological dysfunction has only recently been explored. Animal studies have demonstrated that BBB breakdown is involved in the initiation of transcriptional changes in the neurovascular network that ultimately lead to delayed neuronal dysfunction and degeneration. Brain imaging data have confirmed the high incidence of BBB breakdown in patients with TBI and suggest that such pathology could be used as a biomarker in the clinic and in drug trials. Here, we review the neurological consequences of TBI, focusing on the long-term complications of such injuries. We present the clinical evidence for involvement of BBB breakdown in TBI and examine the primary and secondary mechanisms that underlie such pathology. We go on to consider the consequences of BBB injury, before analyzing potential mechanisms linking vascular pathology to neuronal dysfunction and degeneration, and exploring possible targets for treatment. Finally, we highlight areas for future basic research and clinical studies into TBI.
Introduction traumatic brain injury (tBi) is the most frequent cause of deaths in young adults and children in the developed world. in the us alone, 1.4 million such injuries occur annually and account for over 50,000 deaths. 1 thus, tBi is a matter of major concern for clinicians, researchers, social workers and other health-care providers. many indivi duals who survive tBi experience long-term or lifelong disabilities, which require daily medical or social attention. indeed, over 2% of the us population is believed to experience tBi-associated disabilities. 2 this figure equates to an annual expenditure of $60 billion on direct (medical services) and indirect (loss of pro ductivity) costs relating to this condition. 3 the pathology of tBi is highly heterogeneous, with diverse manifestations that result from both im mediate and delayed mechanisms (Figure 1 ). the immediate primary injury is impact related and is considered to be untreatable but preventable, whereas the 'rolling' patholo gy of the delayed second phase of damage allows a time window for intervention and has, therefore, attracted a great deal of attention.
Patient management in tBi is complicated by the various temporal pathological phases. the mainstay of inflicted cranial-damage management in the immediate setting relies on strict adherence to prehospital guidelines. 4 By contrast, the most appropriate therapeutic approach in the second injury phase, which develops within hours to days following the trauma, remains debatable and is subject to the clinical considerations of the individual
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learning objectives
Upon completion of this activity, participants should be able to: 1 Describe the function of the blood-brain barrier (BBB) in the setting of traumatic brain injury (TBI). 2 Identify the relationship between the BBB and seizures following TBI. 3 Identify the relationship between the BBB and Alzheimer's disease following TBI. 4 Specify potential therapeutic targets related to the BBB in patients with TBI. the promising results obtained from animal models have not been replicated in phase iii clinical studies. 7, 8 thus, while outcomes of tBi in the acute setting have substantially improved in the past 20 years, the prevention, manage ment and resolution of long-term complications still remain a challenge. 9 advancement of the understanding of the mechanisms underlying the long-term complications of tBi is a prerequisite for the development of new management strategies to follow the initial life-saving treatments. a plethora of data has now accumulated indicating a central role for vascular integrity-specifically, the perme ability of the blood-brain barrier (BBB)-in the mediation of brain damage, including the delayed appearance of neuronal dysfunction and death. [10] [11] [12] [13] [14] [15] [16] [17] BBB breakdown is frequently associated with a myriad of neurological pathologies (some of which can be long lasting 14, 18 ) and, hence, has attracted growing attention as a novel and eminent target for intervention in the setting of brain injury. an understanding of the mechanisms underlying BBB breakdowninduced brain damage might lead to novel targets for prospective treatment strategies in the management of patients with tBi. in this article, we review clinical and experimental data implicating the involvement of BBB breakdown in patho physiological processes following tBi. we also outline potential intervention schemes for tBi that target BBB-related pathologies.
Events after traumatic brain injury
Blood-brain barrier breakdown results from animal model studies and substantial clinical data both suggest that BBB breakdown frequently follows head trauma and can last from several days to weeks, or even years after the acute event. 14, 19, 20 in animal models of tBi, a focal impact delivered to the cranium has been shown to result in BBB breakdown, [21] [22] [23] [24] with the severity and extent of such breakdown being directly related to the method used to deliver the blow (these models have been comprehensively reviewed elsewhere 25, 26 ) . like blood-spinal cord barrier breakdown following spinal cord injury, 27 BBB breakdown after experimental brain injury is typically biphasic in nature. 24, 28 onset of the early phase is rapid: the permeability of the BBB typically reaches a maximum within a few hours and subsequently declines. the onset of the second phase is delayed, starting from 3-7 days following injury, and probably constitutes part of the brain's response to the injury.
For most patients, clinical data indicate that BBB permeability returns to normal within days to weeks following tBi, [29] [30] [31] although few quantitative data exist regarding the relationship between the extent of BBB damage and the mechanism and severity of tBi. indeed, in some patients BBB disruption has been documented months or years after mild injuries. 14, 19 no firm evidence is available to indicate whether these long-lasting dis ruptions are primary events of tBi or secondary to ongoing pathological processes.
in some cases of tBi, BBB breakdown can be a direct result of the traumatic impact injury incurred (primary Figure 1 | Pathophysiological events in traumatic brain injury. Early symptoms of blood vessel and brain parenchyma compromise appear as blood flow irregularities and lead to metabolic imbalance, ischemia, hypoxia and excitotoxicity. Such processes, which are associated with breakdown of the blood-brain barrier, might lead directly to the induction of signaling cascades and complex interactions between pathological processes within the neurovascular unit. The result of these interactions is the formation of brain edema, a local inflammatory response and an increase in neuronal excitability. These early events might progress, interact and initiate acute complications, such as increased intracranial pressure, ischemic cell damage, seizures and death. In parallel, slower pathophysiological mechanisms, such as neovascularization, transformation and dysfunction of astrocytes, and changes in synaptic wiring, underlie the development of epilepsy, psychiatric and cognitive disabilities, 165 and neurodegenerative pathologies such as Alzheimer disease. 109, 110 reviewS BBB damage). Following the infliction of a focal head insult, the endothelium of small blood vessels often incurs a concomitant shear injury, 32 which leads to impairments in the regulation of the BBB, cerebral blood flow and metabolic processes. metabolic im balances can ultimately lead to various secondary complications, including the formation of an ischemic zone. Development of such a zone can result in tissue hypoxia and is associated with a poor long-term clinical outcome and an increase in the risk of mortality.
33,34 such a scenario might further facilitate localized BBB breakdown. 35 other mechanisms, such as vasospasm, 36 cerebral blood flow auto regulatory failure, 37 irregularities in nitric oxide secretion 38 and coagulo pathy, 39 might coincide with damage to the structural integrity of the BBB 40, 41 and contribute to the resultant ischemic state. BBB breakdown might also contribute to the extracellular accumulation of excitatory amino acids, which results in excitotoxicity. 42 the latter phenomen might occur indirectly through ischemia-mediated changes in neuronal membrane potential, or directly through loss of efflux transporters situated in the BBB. 43 in addition, BBB breakdown leads to exposure of the brain tissue to serum-derived molecules, which serve as signaling mediators for brain repair mechanisms but also facilitate further BBB breakdown (see below). the nature of the reciprocal inter actions between impact-related pathologies, innate defense and repair mechanisms, and BBB integrity determine the short-term and long-term consequences of the injury.
in addition to BBB dysfunction related to the initial injury, BBB damage can arise secondarily to the abnormal brain activity, astrocytic dysfunction, inflammation-related mechanisms and metabolic disturbances that typically comprise part of the brain's response to injury (Box 2). manifestations of secondary BBB breakdown, initiated within hours or days following tBi, are considered to be treatable and to have a consider able influence on the longterm clinical outcome of patients. this phase of damage has, therefore, occupied a central place in both clinical and basic research relating to tBi pathophysiology. the underlying molecular changes leading to BBB breakdown following tBi are not completely clear, as data from animal models of isolated tBi are scarce and mol ecular data from patients are difficult to gather. in animal models, accumulated data suggest that hours to days after brain injury BBB breakdown is associated with an increase in the numbers of endothelial caveol ae, which leads to transcytosis of plasma proteins 44, 45 and decreases in expression of junctional adhesion and tight junction proteins. 46, 47 reactive cellular activity at the neuro vascular junction has also been observed, including an increase in the migratory activity of pericytes, 48 and proliferation of blood vessels due to upregulation of vascular endothelial growth factor (veGF). 49 Secondary brain damage a number of mechanisms have been proposed for the emergence of secondary brain damage following tBiassociated BBB damage. these mechanisms are all a consequence of either the disruption of the intricate relationship between the cellular elements of the neurovascular unit 10,12 (Box 2) or deficits in the structural integrity of the tight-junction complexes of the BBB. Processes such as edema, neuroinflammation and cell death might contribute to the pathophysiology of tBi independently or synergistically.
Edema an inevitable consequence of BBB disruption is an increase in the permeability of the damaged endo thelium, which can, in turn, lead to brain edema (characterized by a net gain of brain tissue volume). edema that evolves after tBi has a substantial vasogenic component resulting from the entry of a protein-rich exudate through the widened endothelial tight junctions. the entry of this exudate disrupts the balance of hydrostatic-osmotic forces mediating parenchymal fluid homeostasis and can lead to fluid accumulation in the brain extra cellular space. an increase in intracranial pressure can ensue from such fluid accumulation, thereby lowering the perfusion Box 1 | Classification of traumatic brain injury Traumatic brain injury (TBI) is a highly heterogeneous condition, with patients experiencing injuries that differ in etiology, anatomical location, clinical severity and pathophysiology. The course of TBI can also vary with age, temporal evolution of the insult, prior comorbidities, genetic background and other factors. The most commonly used TBI classification methods are based on injury mechanisms (for example, closed versus penetrating injuries). Further subclassification is usually made in accordance with injury severity and is often achieved by use of the 15-point Glasgow Coma Scale, which classifies patients into the broad categories of mild, moderate and severe injury. 9 This symptomatic classification has been designed to allow rapid diagnosis, management, and assessment of prognosis; however, this scale possesses several shortcomings. 9 Of note, no information is provided concerning the pathophysiological mechanisms that underlie the clinical presentation. Thus, this simplistic classification of patients might partly underlie the failure to translate favorable results from animal studies into successful clinical trials.
Improvements in classification systems will lead to a better understanding of the mechanisms of TBI and help to refine treatments and improve patient outcomes. Specifically, the need has been raised for a pathoanatomically based classification system for TBI to allow the successful translation of targeted therapies from the bench to the bedside. 166 Box 2 | The blood-brain barrier and the neurovascular unit
The blood-brain barrier (BBB) is the regulated interface between the peripheral circulation and the CNS and was first observed by Paul Ehrlich in 1885, 167 although the nature of the BBB was debated well into the 20 th century. Anatomically, the BBB comprises the cerebral microvascular endothelium, which, together with astrocytes, pericytes, microglia, neurons and the extracellular matrix, constitute a 'neurovascular unit' that is essential for the normal function of the CNS. The various components of the neurovascular unit interact closely under physiological conditions. Following brain injury, the normal patterns of communication exhibited by these intercellular components can be markedly altered. Such changes lead to abnormalities in vascular responses to neuronal activity and metabolic demands (neurovascular coupling), tight junction protein expression and extracellular environment control (mediated by astrocytes), inflammatory responses (mediated by astrocytes and microglia), and synaptic activity (including the interactions between neurons, astrocytes and microglia). Development of our understanding of how the various components of the neurovascular unit interact with each other holds significant promise for the prevention and treatment of neurological diseases. reviewS pressure-further compromising the already frail cerebral blood flow-and possibly initiating or exacerbating an ischemic state. additional under lying extra cerebral impediments to cerebral perfusion and oxygenation, such as massive peripheral bleeding or cardiovascular or pulmonary injury in the setting of trauma, might also prove detrimental to the patient's condition.
Inflammation the long-held view that the brain was an immuneprivileged site has changed dramatically in the past two decades. inflammatory processes are now known to accompany many brain pathologies, including multiple sclerosis, epilepsy, aiDs, stroke, alzheimer disease (aD) and tBi. [50] [51] [52] Furthermore, the BBB, which for years was regarded as the prime isolator of brain tissue from the immune system, is now recognized to be a mediator of neuroinflammatory processes.
the inflammatory response in patients with tBi begins within hours after injury and lasts up to several weeks. 53 animal models of tBi have shown that an influx of peripheral neutrophils occurs following injury, with a time course that correlates with BBB disruption.
5,54 macrophages, natural killer cells, t helper cells, and t cytotoxicsuppressor cells are also present in the brain following tBi. 55 migration of leukocytes into the damaged tissue is mediated, in part, by the expression of endothelial intercellular adhesion molecule (iCam) 1, the upregulation of which has been described in a variety of experimental tBi models. 56, 57 indeed, the level of soluble iCam1 in the cerebrospinal fluid of patients with severe tBi is known to correlate with the extent of BBB breakdown. 58 Following infiltration, leukocytes release proinflammatory cytokines, cytotoxic proteases and reactive oxygen species, thereby activating local microglia, which subsequently function in a similar way to infiltrating macro phages. 59 activated microglia can contribute to BBB opening. 60 Chemokines, adhesion molecules, and pro-inflammatory cytokines released from activated microglia 61 further mediate the recruitment of hematogenous cells from the periphery, perpetuate activation of resident Cns cells, and contribute to the overall increase in BBB permeability. 62 in addition, activation and upregulation of matrix metalloproteinases (mmPs), which degrade the neurovascular basal lamina, lead to a further increase in blood vessel permeability 63, 64 and, as a result, contribute to the development of edema.
alterations in systemic and intrathecal levels of cytokines-including interleukin (il) 1, il-6, il-8, il-10, il-12, tumor necrosis factor (tnF) and transforming growth factor β (tGF-β)-have been reported in patients following tBi. regional messenger rna levels and protein concentrations for several of these cytokines increase markedly in the acute post-traumatic period follow ing experimental brain trauma. 53, 65 Posttraumatic activation of the complement system has also been well documented and shows a strong correlation with the level of BBB disruption in patients. 31 Despite the evidence provided above, the true nature of the contribution of neuroinflammatory processes to the clinical outcome of tBi has not yet been clarified. inflammation following BBB disruption in tBi might be viewed as simultaneously helpful and deleterious. indeed, inflammation might be vital for the implementation of tissue repair and reorganization, but extended or excessive activation of inflammatory processes might lead to poor clinical outcomes by initiating processes such as cell death 66 or epileptogenesis.
67,68
Cell death in tBi, a necrotic focus rapidly develops in the area that has sustained the blow, as a result of a loss of membrane integrity of vascular and parenchymal cells. this process is exacerbated by a decrease in metabolic supply (in the face of rising demand) and by excitotoxicity. tBi also induces the cell cycle re-entry of both mitotic cells (astroglia and microglia) and non-mitotic cells (neurons), 69 with the former leading to glial scar formation and exacerba tion of neuroinflammation, and the latter resulting in the induction of apoptotic signaling pathways and cell death. indeed, a second, delayed wave of neuronal death mediated by apoptotic processes has been reported in both animal models and humans. [70] [71] [72] [73] [74] the timescale for apoptosis correlates with the appearance of inflammation and edema formation. this finding suggests that the latter two processes-alongside increased intra cranial pressure-are important initiators of apoptosis following tBi. 75 the apoptosis of endothelial cells that occurs following injury is related to downregulation of constitutive anti-apoptotic growth factors and upregulation of proapoptotic factors, which are known to further promote BBB breakdown. 76 the death of such cells can lead to augmentation of BBB permeability 77 and, as a result, neuronal loss. 17, 78 in turn, this loss of neurons leads to a neuronal deficit and astroglial scar formation, which itself is associated with functional deficits and impairment of cognitive recovery following tBi. 79 termination of the apoptotic sequence following tBi, like the series of events that comprise BBB repair, can take a long time. this prolonged sequence of cell death might give rise to the chronic degenerative processes and cognitive decline that are often seen after the initial recovery period. 80 Sequelae of blood-brain barrier damage the pathological processes that develop following brain injury inevitably lead to neuronal death, which can be immediate or delayed. BBB disruption alone can initiate a transcriptional program that results in delayed neuronal loss.
78,81 such disruption might also influence the course of long-term tBi complications, such as cognitive and psychological impairments, aD and seizures. 17, 82 of note, while these long-term complications are all characterized by neuronal death, loss of neurons might not be the sole or even the most important cause of these pathologies. indeed, tissue remodeling and altered connectivity between neurons, scar formation, alterations in the extracellular ion composition, accumulation of toxic substances as a result of faulty influx-efflux mechanisms, and extravasation of plasma proteins might all contribute to aberrant neuronal function. substantial evidence has reviewS now accumulated showing the direct influence of BBB disruption on the development of long-term brain pathologies. this evidence opens new vistas for neuroprotective intervention in patients with tBi.
Seizures and epilepsy the fact that tBi can give rise to seizures and epilepsy has been accepted for several decades, 83, 84 although the pathophysiological mechanisms that underlie the develop ment of these complications are still not properly under stood. a relationship between BBB dysfunc tion and epilepsy has been well documented in both animal and clinical studies, 51 with several groups providing evidence that BBB disruption is a fundamental catalyst for the initiation of hypersynchronized epileptic activity in the injured brain. the probability of experiencing seizures increases directly with the severity of tBi, 85 and several studies in patients have shown that cortical areas exhibiting BBB disruption can display spatial overlap with regions of abnormal neuronal activity (as measured by scalp eeG recordings). 19, 86 in line with these findings, a study in a rodent model of chronic epilepsy showed that seizure frequency correlated with the extent of BBB leakage. 16 studies in human patients have showed that a substantial proportion of post-traumatic seizures develop in the first 24 h after injury 87 or in the subsequent week. 84 these events can be suppressed by the prophylactic administration of antiepileptic drugs. By contrast, late-onset seizures, which appear in the weeks or months following trauma, are usually antiepileptic drug resistant and are viewed as a consequence of local circuit modulation by transcriptional changes and synap tic rewiring. notably, in animal studies where the BBB has been disrupted to induce a chronic epileptic focus, early dysfunction of astrocytes was observed before neuronal hypersynchronization occurred. 88, 89 Changes in astrocyte morphology and functions following tBi have been well documented, 90 and the potential role of astrocytes in seizure generation and epilepsy has been described in both experimental animals and patients with epilepsy.
88,91-95 recent studies have indicated novel physio logical roles for glial cells in the Cns, including modulation of synaptic transmission and plasticity. 96, 97 thus, glial cells-specifically, following their activation during injury-could have a notable role in the neuronal network reorganization, hypersynchronicity and hyperexcitability that leads to brain malfunction and seizures. 89 several functional changes in astrocyte properties could be involved in the alteration of neuronal functions. reductions in the expression of inwardly rectifying potassium channels and aquaporin-4 water channels, which are considered to be crucial for the regulation of the brain's extracellular potassium ion levels and water content, respectively, could influence neuronal function. in addition, a reduction in expression of gap junction proteins (connexins) might have a role, as these proteins form functional channels between cells that are im portant for the spatial buffering of small molecules and ions (for example, potassium ions). astrocytes produce many pro-inflammatory and anti-inflammatory molecules that might be pro-epileptogenic or anti-epileptogenic. thus, the observed increase in cytokine release from glial cells might affect the activity of neurons. Finally, as some glial cells have a crucial role in the uptake and metabolism of glutamate (with some glial cells expressing glutamatergic receptors and being able to release glutamate), impairments in these processes could affect neuronal function. indeed, transformed (or activated) astrocytes seem to affect extracellular glutamate levels via decreases in their abilities to both take up and metabolize this neuro transmitter. 98 the extent to which each of the potential mechanisms described above is critical to neuronal acti vity is still not known, although some experimental and theoretical models predict a critical role for the ma intenance of potassium homeostasis. 89 abnormal focal rhythmogenesis and seizures in patients following tBi have been documented years after the primary injury and have been found to be associated with long-lasting focal increases in BBB perme ability. 14, 19 thus, in the clinical setting, a temporal overlap between BBB disruption and seizure acti vity has been revealed but a causal relationship has yet to be demonstrated. experimental animal data, however, have consistently shown that seizures are readily initiated following BBB disruption. 16 100 reported focal motor seizures in some patients with primary Cns lymphoma who underwent chemo therapy that utilized mannitol, a wellknown BBB opener, to maximize drug delivery. these researchers documented a strong correlation between serum s100β levels-a marker of BBB breakdown-and the appearance of immedi ate focal seizures. in addition, ivens et al. 99 documented prolonged seizures in BBBcompromised patients with hyperperfusion syndrome following carotid surgery.
additional mechanisms might contribute to the propensity of patients with hyperperfusion syndrome to generate seizures. the data described above, however, indicate the need for further research to elucidate the pathophysiological means by which injury to the BBB can lead to seizures and epilepsy. in support of this view, our group developed an animal model that showed that entry of serum constituents into the interstitial fluid through a disrupted BBB could initiate a cascade of events that led to the generation of focal paroxysmal hypersynchronous episodes. 94 we demonstrated that the uptake of serum albumin by astrocytes was specifically regulated by tGF-β receptors and resulted in a detrimental effect on the capacity of such cells to maintain ionic equilibrium. the loss of ionic equilibrium heralded a transcriptionmediated local synaptic reorganization, which underlied the focal seizures that appeared 4-7 days later. 78, 88, 89, 94, 101 our studies further demonstrated that blocking tGF-β receptors and, hence, astrocytic albumin uptake prevented the transcriptional changes and the generation of epileptiform activity. 81 thus, our model of focal BBB disruption extended previous work in a rodent tBi model, which showed that increased extracellular potassium was related to hyperexcitable activity. 102 Contradictory reviewS www.nature.com/nrneurol results regarding this relationship have been published; 103 however, we believe that albumin uptake could offer a novel target for intervention within a clinically relevant therapeutic time window. Growing interest in local Cns inflammatory processes following tBi and their contribution to the evolution of secondary neuronal damage has revealed another potential mechanism for BBB-mediated epilepto genesis. Brain injury induces neuroinflammatory processes, including production and secretion of cytokines. in turn, cyto kines contribute to the development of acute neuro degenerative processes, including seizure initiation. 61 since seizures themselves initiate a local inflammatory response, the issue of whether inflammation and the increased levels of cytokines observed in epileptic brains are a consequence of or prodromic to seizure appearance is not yet resolved. the roles of cytokines such as il-1, il-6 and tnF in the pathogenesis of seizures are rapidly being clarified through studies making use of advanced molecular and pharmacological techniques, as well as research involving genetically engineered mice that exhibit perturbed cytokine signaling. over the past decade, vezzani and colleagues 68 and others have consistently produced evidence pertaining to the role of il-1β in epilepto genesis. Following Cns damage, il-1β is rapidly released from activated microglia and astrocytes. this cytokine directly promotes excitotoxicity 104 and seizures 105 through activation of neuronal il-1 receptors and subsequent induction of src kinasemediated tyrosine phosphorylation of the nr2B subunit of the N-methyl-d-aspartic acid (nmDa) receptor. such phosphorylation leads to an increase in nmDa receptormediated calcium influx into neurons and, hence, the pr omotion of epileptic activity and excitotoxicity. 62 in addition to the role of il-1β in the promotion of seizures and excitotoxicity, the BBB is rapidly disrupted after both acute and chronic exposure to this cytokine. 106 loss of BBB function is further increased by upregulation of adhesion molecules, activation of mmPs, 107 and catabolism of arachidonic acid at the level of the brain microvasculature. 108 neurodegeneration and Alzheimer disease tBi is known to be associated with an increased risk of developing aD; 109, 110 however, the role of the BBB in the pathogenesis of this disease is only just beginning to be revealed. evidence suggests that the accumulation of amyloid-β (aβ) in the brain is a primary process in the pathogenesis of aD.
111 alterations in BBB inte grity might have an important role in the appearance of increased levels of aβ in the cerebrospinal fluid after brain injury. 112 the presence of the ε4 variant of apolipoprotein e (aPoe) in the brain has been shown to be correlated with an increase in the risk of sporadic-type aD development. 113 interestingly, complexes of aβ and aPoe ε4 have been shown to more-readily cross the BBB than do complexes of this peptide with other variants of this lipid binding protein. 114 a meta-analysis indicated that the presence of the APOE ε4 allele was associ ated with an increase in the risk of a poor long-term outcome following tBi but was not associated with the initial severity of brain in jury. 115 another study, however, showed that the presence of APOE ε4 had no substantial effect on long-term outcomes following mild pediatric tBi. 116 activation of the BBB-derived low-density lipoprotein receptor related protein (lrP) 1 comprises one of the main routes of aβ extrusion from the brain, 117 while the receptor for advanced glycation end products (raGe) controls an important mode of intrusion for this peptide into the brain. 118 these receptors are both localized to the endothelial cells of the BBB. under in vitro conditions mimicking brain ischemia 119 and in brain tissue from patients with aD, 120 the BBB exhibited a diminish ed ability to properly remove aβ owing to changes in the levels of lrP1 and raGe (with the former being downregulated and the latter being upregulated). 119, 121 an increase in aβ secretion has been documented following tBi 122 and during periods of elevated neuronal activity. 123 as tBi and BBB disruption are both associated with increases in neuronal excitability and ischemia, 12, 14, 19, 33 it is tempting to assume that a link exists between parenchymal aβ accumulation and tBi-induced BBB disruption. whether the temporal dynamics of these processes overlap, however, is unclear, as is the extent to which the accumulation of aβ following BBB disruption is associated with an increase in the probability of developing aD. nevertheless, therapies that increase lrP1 expression in the BBB and/or enhance the peripheral aβ binding activity of plasma soluble lrP have been suggested as means of controlling the accumulation of parenchymal aβ. 124 such therapies might prove valuable in situations of BBB breakdown. indeed, one study has demonstrated that in rabbits fed with a cholesterol-enriched diet-an animal model of BBB disruption that has been shown to exhibit the pathological features of aD-addition of low concentrations of caffeine to the diet prevented BBB disruption. 125 these findings might confirm the loss of BBB integrity as an important mediator of the development of this neurodegenerative disease.
Targeting blood-brain barrier damage as we have discussed, accumulating evidence is strengthening the hypothesis that BBB breakdown mediates and facilitates short-term and long-term secondary brain damage that follows tBi. thus, maintenance of BBB integrity constitutes a potential target for brain protection in tBi. reliable and reproducible quantitative methods for measuring BBB permeability (Box 3) will be essential for the successful development of drugs to achieve this goal.
increased permeability various endogenous mediators of the edematous process that affects tight-junction integrity are currently under study, with the goal of edema control following tBi. efforts aimed at modification of the edema-promoting actions of bradykinin and veGF have shown promising results.
Bradykinin, a proinflammatory peptide belonging to the kallikrein-kinin system, has been shown to cause vasodilatation and to increase vascular permeability following binding to endothelial bradykinin β 2 receptors. 126, 127 antagonism of bradykinin β 2 receptors in post-traumatic reviewS animal models resulted in a reduction of brain edema, 128, 129 with similar results being reported in clinical trials involving patients with tBi. 130 large-scale clinical evidence for the beneficial action of bradykinin is, however, still lacking. 131 veGF is an important promoter of angio genesis following head trauma. 132 this growth factor has been shown to mediate BBB breakdown in vitro 37 and in vivo, 133 and to increase vascular permeability under hypoxic conditions through direct action on the tight junction proteins known to regulate paracellular perme ability. 41 Chronic states of BBB opening have been suggested to result from epilepsy-induced reactive angiogenesis, which is associated with high veGF levels. 134, 135 moreover, veGF antagonism has been demonstrated to reduce BBB perme ability in vivo, 133, 136, 137 and corticosteroids, which are routinely used for acute therapy in cerebral edema, have been suggested to stabilize the BBB by regulating the expression of veGF under conditions of BBB in jury. 138 erythropoietin has been shown to confer protection against veGFmediated increased BBB permeability, 139 although this hormone might also exert protection following tBi via non-veGF-related mechanisms. [140] [141] [142] moreover, the human recombinant form of erythro poietin has shown promisie as a neuroprotective agent in mice, 143 but has yet to be tested in patients with tBi.
other prominent BBB breakdown-inducing candi dates, including histamine 144, 145 and 5-hydroxytryptamine, 13 have been proposed as potential targets for the prevention of edema. no therapies specifically aimed at modulating BBB permeability are routinely prescribed, however, and ongoing research and clinical trials are needed to explore both the effectiveness and safety of selected therapeutic candidates. neuroinflammation once initiated, neuroinflammatory processes are diverse and intertwining, and are induced by and lead to BBB breakdown. thus, prevention of inflammation might repre sent a prudent therapeutic strategy. this goal might be achieved by controlling both cytokine-mediated recruitment of inflammatory cells and the migration of such cells into the injured brain. il-1, the most widely studied pro-inflammatory cytokine, 62 is rapidly released following injury and primarily acts on specific receptors that can be blocked endogenously by il-1 receptor antagonist protein (il-1ra). endothelial cells of the BBB display il-1 receptors and are, therefore, subject to the action of il-1. activation of these endothelial receptors results in BBB breakdown 106 and increases in leukocyte recruitment, adhesion and infiltration. 66 as shown pre viously in animal studies, data obtained from the micro dialyzates of patients with tBi have indicated that il-1ra has a neuroprotective role. 146 since the recombinant form of il-1ra is in routine use for the treatment of rheumatoid arthritis and other immune-related pathologies, the potential use of this agent in the management of tBi should be investigated.
the control of neutrophil influx following tBi might attenuate secondary brain injury. 67 at sites of inflammation, neutrophils adhere to endothelial cells by binding to adhesion molecules such as iCam1, vascular cell adhesion molecule and platelet endothelial cell adhesion molecule 1 (the first two of these molecules are upregulated following brain trauma). 147 thus, targeting of leukocyte infiltration through use of inhibitors of such adhesion molecules 125, 148 might constitute a means of preventing or decreasing the neuroinflammatory response following tBi.
the central role of mmP-mediated pathological processes has been demonstrated in several models of neuroinflammation. Both systemic and brain mmPs are rapidly upregulated in patients with tBi, 149 and contribute to BBB breakdown 107, 150 by degrading tight-junction proteins. 151 the attenuation of mmP activity following head trauma 64, 152 might confer BBB protection, even though a marked decrease in mmP activity could hinder proper tissue recovery processes 153 in much the same way as do decreases in the activities of other mediators of the inflammatory response. activated protein C (aPC), an endo genous anticoagulant that confers neuro protection in stroke, has been proposed as a possible therapy for use following tBi, 154 as this agent attenuates BBB breakdown by inhibiting the mmP-9 activation pathway. 155 until a modified aPC with negligible anticoagulative activity is clinically available, further research into the beneficial properties of aPC following brain injury would be prudent, as bleeding is a major concern in the setting of tBi. 156 neuronal hyperexcitability Currently, anticonvulsant prophylaxis following tBi is not warranted, as clinical studies have failed to demon strate long-term benefits of such a strategy. 157 these clinical Box 3 | Measurement of blood-brain barrier permeability
The routine use of an inexpensive, high-resolution and minimally invasive technique to measure vessel permeability and blood-brain barrier (BBB) integrity would improve the effectiveness of current treatment approaches for traumatic brain injury (TBI). Such a technique would give rise to prospective studies that are required to confirm the role of BBB breakdown in the mediation of TBI-related complications and facilitate the assessment of novel treatments.
Currently available clinical methods for the detection of BBB breakdown rely on qualitative evaluation of contrast-enhanced brain imaging methods, which include CT and MrI used in conjunction with contrast agents such as iohexol and gadolinium-labeled diethylenetriamine pentaacetic acid, respectively. A new class of MrI contrast agents-the superparamagnetic iron oxide nanoparticle compoundsis increasingly being used to image brain infiltration of macrophages. 168 In parallel with largely qualitative techniques, several MrI-based approaches that aim for a more quantitative analysis of BBB integrity have been developed. These approaches include a method that compares precontrast and postcontrast images, 14, 18 and dynamic contrast-enhanced imaging. 169, 170 A number of non-imaging approaches have been used for rapid assessment of BBB integrity in the clinical setting, including measurement of plasma proteins (such as albumin) in the cerebrospinal fluid (CSF). 22 This procedure is, however, invasive, and bleeding in the setting of brain trauma can lead to false-positive results. Measurement of CSF protein levels in blood might be an alternative method of monitoring the integrity of the blood-CNS barrier. In this regard, the protein S100β, 171 which is synthesized primarily by astrocytes, has potential as a molecule to be measured. Basal plasma levels of S100β are extremely low, but markedly increase within minutes of BBB breakdown. 12, 172 The disadvantages of S100β as a possible marker are its short half-life in blood, and the possibility that its levels largely depend on the extent of injury to astrocytes and their state of activation.
studies tested a variety of antiepileptic drugs and included a large-scale investigation of the ability of phenytoin to provide protection against the development of posttraumatic epilepsy. 158 in spite of these results, the demonstration that BBB disruption has a key role in the evolution of post-traumatic seizures has opened up new and exciting avenues for intervention, and prevention of the network changes that lead to the hyperexcitable state.
BBB breakdown is associated with rapid activation of astrocytes, which occurs even before an increase in neuronal excitability. 101 indeed, alterations in astrocyte functionality are becoming recognized in an increasing number of neuropathologies. 159 the results obtained from our studies showing the rapid uptake of serum albumin by astrocytic tGF-β receptor 2 not only further sub stantiate this view, but also offer a specific inter vention target. these studies draw attention to the potential role of the cyto kine tGF-β1 in BBB-mediated activation of astrocytes and the associated epilepto genesis, as well as to the potential use of tGF-β signaling pathway antagonists 81, 88 in the clinical setting. indeed, specific antagonists of this pathway are currently being developed and might be tested in the near future in animal models. efforts to prevent astrocytic dysfunction, increases in extracellular potassium levels and glutamate accumulation might prove to be of vital importance in combating tBi, as high levels of post-injury extracellular potassium are associated with a poor outcome in patients with such injuries. 160 Conclusions and future directions optimization of the management and prevention of secon dary damage following tBi poses a notable challenge to the medical community. Currently, no readily available neuroprotective agent exists that can effectively prevent or reverse the damage caused by secon dary delayed patho logies following tBi. novel therapeutic strategies that can meet this challenge might be found in the plethora of data generated in the past decade that reveal the extensive involvement of the BBB in mediating these injurious processes. alternatively, the way forward for tBi drug development might lie in new genomic and proteomic technologies that will enable the discovery of BBB repair-related cytoprotective genes 161 or proteins. 162, 163 indeed, the use of molecular agents that increase the expression of transcription factors associated with regulating the expression of such cyto protective proteins has been shown to confer neuroprotection and to decrease BBB breakdown in animal studies of brain vascular trauma. 34, 164 as the central role of BBB breakdown in the pathophysiology of tBi is rapidly becoming clear, a pressing need exists for further intense basic and clinical research. this research is expected to lead to the development of efficient diagnostic tools for the detection and monitoring of BBB breakdown and repair, and to agents that will control such breakdown or confer BBB protection in the relevant time window following tBi.
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